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Abstract
Biological timekeeping in birds is a fundamental feature of avian physiology, behavior and ecology.
The physiological basis for avian circadian rhythmicity has pointed to a multi-oscillator system of
mutually coupled pacemakers in the pineal gland, eyes and hypothalamic suprachiasmatic nuclei
(SCN). In passerines, the role of the pineal gland and its hormone melatonin is particularly important.
More recent molecular biological studies have pointed to a highly conserved mechanism involving
rhythmic transcription and translation of “clock genes”. However, studies attempting to reconcile
the physiological role of pineal melatonin with molecular studies have largely failed. Recent work
in our laboratory has suggested that melatonin-sensitive physiological processes are only loosely
coupled to transcriptional oscillations. Similarly, although the pineal gland has been shown to be
critical for overt circadian behaviors, its role in annual cycles of reproductive function appears to be
minimal. Recent work on the seasonal control of birdsong, however, suggests that, although the pineal
gland does not directly affect gonadal cycles, it is important for seasonal changes in song.
Experimental analyses that address these paradoxes will shed light on the roles the biological clock
play in birds and in vertebrates in general.
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Introduction
The concept of time’s arrow derives at its earliest from one of the 40 paradoxes posited by the
pre-Socratic philosopher Zeno of Elea set forth to support his claim that all change and time
itself were illusions (Russell, 1996). In this particular paradox, “The Arrow”, the arrow is
considered at rest, occupying space. However, when in flight the arrow must still be occupying
the same amount of space at every moment during its flight. Thus, at every moment, the arrow
is actually at rest within progressively different places, supporting the paradoxical view that
change, motion and the time in which they are embedded are illusions. That is, “instantaneous
velocity”, as we now conceive it, is not possible. Of course, instantaneous velocity is an
important concept in mathematics, chemistry and physics, and everything in biology, it seems,
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is constantly in motion and embedded in time (cf. Russell, 1996). Thus, the paradox itself is
an illusion.
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The concept was revived by British astrophysicist Arthur Eddington who coined the phrase to
describe the direction of time on the four-dimensional relativistic map of the universe
(Eddington, 1922). Beyond sub-atomic dimensions, where time is believed to be “timesymmetric”, time’s arrow at macroscopic scales has an asymmetric, irreversible flow that is
reflected at all levels ranging from thermodynamics to cosmology to logic and perception.
Biologically, time’s arrow is reflected at many levels of organization as well. Irreversible
progression of geologic time sees the appearance and extinction of countless species, and the
dynamics of populations changes as climate and other environmental features are in flux
(Darwin, 1859). At the level of individuals, organisms develop, mature, reproduce and
ultimately die on species-specific timetables that are genetically and physiologically preprogrammed, such that there is little doubt the flow of time washes over all of us like an
irreversible ebbing tide.
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Still, there is another aspect of time that inundates all of life at every organizational level. This
is the cyclical nature of time on Earth. The annual cycle exposes high latitude and temperate
zone organisms to cold winters and warm summers elicited by annual changes in photoperiod
(Pianka, 1973; Pittendrigh, 1993). Even in subtropical and tropical zones, the annual cycle
impinges predictable changes in rainfall, barometric pressures and wind (Pianka, 1973).
Further, the daily cycle imposes rhythmic changes in abiotic aspects of the environment as
well; daily changes in visible light carry with them changes in photosynthetic activity as well
as deleterious aspects of the electromagnetic spectrum, including teratogenic and carcinogenic
ultraviolet and gamma radiation as well as the desiccating effects of infrared radiation.
Compounding these rhythmic selective pressures, biotic aspects of each species’ niche vary
cyclically as well; the presence of predators, prey, competitors and mates all change depending
upon the time of day and the time of year.

Circadian Timing Systems
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It should therefore come as no real surprise that organisms in every Domain and nearly every
Phylum, ranging from eubacteria to humans, have evolved endogenous timing systems that
enable them to predict temporal changes and to coordinate complex internal processes
(Pittendrigh, 1993; Bell-Pedersen et al. 2005). The cellular and molecular bases of these
systems are remarkably conserved, especially among animals (Panda et al. 2002). In vertebrates
(Figure 1), the central clock mechanism entails the interaction of “positive elements” CLOCK
and BMAL1, which heterodimerize and enter the nucleus, where they stimulate transcription
of genes whose promoter regions contain “E-boxes” during the night. Among the genes
activated by CLOCK: BMAL1 are the “negative elements” period 1,2 and 3 (per1, per2 and
per3) and the two cryptochromes, cryptochrome 1 and cryptochrome 2 (cry1 and cry2). The
transcripts of these genes are translated in the cytoplasm and form protein oligomers that in
turn re-enter the nucleus during the day, where they inhibit CLOCK: BMAL1 activity,
repressing their own transcription (Bell-Pedersen et al. 2005). An interlocking feedback loop
regulating Bmal1 transcription also contributes to rhythmic transcription and translation of
these clock genes and proteins involving RevErb α and retinoic acid orphan-like receptor A
(Rora). These loops have been reviewed in detail elsewhere (eg. Panda et al. 2002; BellPedersen et al. 2005) and have been well-documented in birds (Yoshimura et al. 2000; Bailey
et al. 2003; 2004; Karaganis et al. 2008), although some details appear to be distinct in birds
and other non-mammalian vertebrates.
First and foremost of these is the fact that, unlike mammals, non-mammalian vertebrates
possess extraocular photoreceptors in the pineal gland and brain, primarily within
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circumventricular structures (Bellingham and Foster, 2002; Okano and Fukada, 2003). In birds,
several specialized photopigments have been associated with clock function, including
pinopsin (Okano et al. 1994; Max et al. 1995) and melanopsin (Bailey and Cassone, 2005;
Chaurasia et al. 2005), among several others (Bellingham and Foster, 2002). Thus, unlike
mammals, where retinal photoreceptors are required for entrainment, birds’ circadian clocks
may be synchronized to the LD cycle directly within the same cells, at least within the pineal
gland (Okano and Fukada, 2003). At this stage, it is not clear how phototransduction pathways
of these invertebrate-like photopigments interact with the molecular clockworks within pineal
or retinal cells. Secondly, while there is no evidence that cryptochromes are directly
photoreceptive in mammals, structural analyses of chick CRY2 predicts photoreceptive
capabilities (Bailey et al. 2002), and levels of both cry1 and cry2 respond to lighting conditions
(Bailey et al. 2002; Haque et al. 2002; Nagy and Csernus, 2007; Karaganis et al. 2008).
Intriguingly, there is some evidence that retinal cryptochromes may be involved in
magnetoreception (Moller et al. 2004), critical for navigation, and that magnetic sensitivity of
one of the cryptochromes depends upon blue light (Liedvogel et al. 2007). Thus, it is an open
question whether cryptochromes play a photoreceptive role in avian circadian clocks. Thirdly,
avian molecular clockworks differ from mammalian clocks in that there is no period 1 in the
chick genome (Bailey et al. 2003; Okano and Fukada, 2003). Thus, avian clocks appear to bear
several important distinctions from those described in mammals; in rodents at least (BellPedersen et al. 2005).
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One of the remarkable features of these molecular clocks is the observation that rhythmic
expression of these “clock genes” is observed in many tissues and in cultured cells (cf.
Cuninkova and Brown, 2008), even in birds (Karaganis et al. in press). Yet, in higher
vertebrates, at least, another layer of circadian organization coordinates the rhythmic
expression of these genes and overt circadian rhythmicity. In birds, this “circadian system”
comprises at least three sets of circadian pacemakers and specialized photoreceptors whose
mutual interactions are critical for precision and rhythmic amplitude (Cassone and Menaker,
1984; Gwinner and Brandstatter, 2001). The pacemakers include cells in the pineal gland, retina
and hypothalamic suprachiasmatic nuclei (SCN), and there are photoreceptors associated with
biological timing in the retina, pineal gland, lateral septum and tuberal hypothalamus (Figure
2).
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In mammals, the SCN is the “master pacemaker” that coordinates all downstream rhythmicity
(Moore 2007). The SCN receive direct retinohypothalamic input (RHT) that is responsible for
entraining endogenous oscillations to external time. Destruction of the SCN abolishes the
expression of overt circadian rhythms in many physiological and behavioral processes, and
transplantation of SCN tissue or cells into arrhythmic SCN-lesioned rodents restores
rhythmicity. Further, the SCN themselves are circadian oscillators in vitro. While it is true that
rhythms of clock gene expression may persist in peripheral tissues in vitro, the SCN is
responsible for synchronizing those rhythms (Stratman and Schibler, 2006).
In birds, two sets of structures have been associated with SCN function: the medial
suprachiasmatic nuclei (mSCN) and the visual suprachiasmatic nuclei (vSCN) (Cantwell and
Cassone, 2006a, b). These structures are connected via neuronal projections and are contiguous
in terms of their cellular populations, especially in the distribution of astrocytes (Figure 3). The
vSCN, but not the mSCN, expresses metabolic and electrical rhythmicity (Lu and Cassone,
1993a, b; Cantwell and Cassone, 2002) and receives RHT input (Cassone and Moore, 1987;
Cantwell and Cassone, 2006a, b). Further, the vSCN, but not the mSCN, contains melatonin
receptor binding (Cassone et al. 1995), and exogenous melatonin inhibits metabolic activity in
the vSCN, but not the mSCN (Cassone and Brooks, 1991; Lu and Cassone, 1993b; Canwell
and Cassone, 2002). In quail, only the mSCN expresses clock gene rhythmicity (Yoshimura
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et al. 2000; Yasuo et al. 2002), but in the house sparrow, both structures rhythmically express
per2 rhythms (Abraham et al. 2002; 2003).
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Role of the Pineal Gland in Avian Circadian Organization
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The evidence for the pineal gland’s involvement in avian circadian organization is abundant.
First, the pineal gland contains circadian oscillators capable of generating rhythms of
biosynthesis and release of the indoleamine hormone melatonin in vivo and in vitro in both
light: dark (LD) and constant darkness (DD) in many species of birds, such that melatonin is
released during the subjective night (Binkley et al. 1978; Takahashi et al. 1980; Csernus et al.
1998; Brandstatter et al. 2000). Secondly, surgical removal of the pineal gland from oscine
passerine birds, such as the house sparrow, Passer domesticus, abolishes the expression of
circadian locomotor rhythms when birds are placed in DD (Gaston and Menaker, 1968). The
effects of pinealectomy (PINX) are variable in other avian taxa, however. For example, in
Japanese quail, Coturnix coturnix japonica, PINX has little effect on locomotor rhythms, but
removal of the eyes (EX), which also secrete melatonin rhythmically, abolishes rhythmicity
(Underwood and Siopes, 1984). In pigeons, Columba livia, neither removal of the pineal
(PINX) nor the eyes (EX), both of which secrete melatonin in this species, abolishes locomotor
and body temperature rhythms, but combination of PINX and EX does (Oshima et al. 1989).
The picture that emerges is that rhythmic melatonin is critical for overt circadian rhythms in
birds, irrespective of its source. Thirdly, transplantation of a pineal gland into the anterior
chamber of the eye of an arrhythmic, PINX house sparrow restores rhythmicity and confers
the circadian phase of the donor to the recipient (Zimmerman and Menaker, 1979). Restoration
of rhythmicity occurs almost immediately, before re-innervation of the gland could occur,
punctuating the role of a humoral substance, presumably melatonin, in the effect. Finally,
rhythmic administration of melatonin to European starlings, house sparrows, domestic pigeons,
and Japanese quail rendered arrhythmic by either constant light or removal of endogenous
melatonin sources (pineal and/or eyes) synchronizes behavioral rhythms in locomotion and
feeding behavior (Gwinner and Benzinger, 1978; Chabot and Menaker, 1994; Lu and Cassone,
1993b; Heigl and Gwinner, 1995; Lumineau et al. 2002).

Paradox 1: Does the Pineal Gland Regulate Clock Gene Expression?
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With the discovery and characterization of clock genes in avian pacemaker and peripheral
tissues (Yoshimura et al. 2000; Okano and Fukada, 2003; Bailey et al., 2003, 2004; Karaganis
et al. 2008; in press), it seemed logical to postulate that pineal (and retinal) melatonin influenced
the activity of other pacemakers within the SCN and within peripheral tissues via regulation
of clock gene expression. However, in Japanese quail, where constant melatonin administration
abolishes and/or otherwise disrupts the expression of thermoregulatory and behavioral
rhythmicity (Underwood and Edmonds, 1995) and where rhythmic melatonin administration
entrains feeding rhythms (Lumineau et al. 2002), no effect of the hormone can be found on the
expression of clock genes in the mSCN of the quail (Yasuo et al. 2002). Rhythms of mRNA
expression for per2, per3 and Clock were identified in the mSCN, but not the vSCN, in LD
and DD but were abolished in constant light (LL). These rhythms were not affected in birds
that had implants of crystalline melatonin that elevated blood melatonin levels to constantly
high levels. Locomotor or other measures of behavioral rhythmicity were not measured in this
study, so it is possible that behavioral rhythmicity was maintained, but the melatonin levels
were consistent with previous studies (Underwood and Edmonds, 1995) that had abolished
locomotor rhythms.
Similarly, Abraham et al. (2002) have observed per2 expression in both the mSCN and vSCN
of the house sparrow. However, PINX of these birds, which abolishes overt rhythms (Gaston
and Menaker, 1968; Lu and Cassone, 1993a), does not abolish rhythms in per2 expression.
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Instead, the surgery decreases the amplitude and causes small changes in phase within these
structures. As with the study in quail, however, the locomotor activity patterns of these birds
were not monitored. Further, birds were sacrificed within 3 days of being placed in DD, a time
at which PINX sparrows retain lower amplitude but significant behavioral rhythmicity and
rhythmic 2DG uptake within the vSCN (Gaston and Menaker, 1968; Lu and Cassone, 1993a,
b).
So, in some sense, it remains an open question whether clock gene expression in other
components of the clock or in the periphery is dependent on and/or entrained by pineal
melatonin in birds. Perhaps, as with Zeno’s paradox, the question may be resolved with more
data in which behavioral and/or physiological rhythmicity is linked to rhythms of clock gene
expression. Clearly, more experiments are in order.
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Even so, there is the following quandary: In vivo, administration of melatonin decreases 2DG
uptake in the vSCN of 2 species of bird (Cassone and Brooks, 1991; Lu and Cassone, 1993b;
Cantwell and Cassone, 2002) within 1 hr of administration. Yet, as stated above, there is little
effect of the hormone or its apparent absence in SCN clock gene expression (Yasuo et al.
2002; Abraham et al. 2003). Interestingly, this appears also to be the case in mammals, where
injections of physiological concentrations of melatonin in rats inhibit SCN 2DG uptake
immediately (Cassone et al. 1988), coincidentally with a phase-shift in locomotor activity
(Cassone et al. 1986) and SCN electrical activity (McArthur et al. 1991). However, injection
of melatonin has no effect on SCN clock gene expression (Poirel et al. 2003).
How can this be, that the outward expressions of circadian clock function are affected
immediately by melatonin but that the presumed molecular bases for these rhythms are not?
One clue to this paradox is our observation that diencephalic astrocytes from chick express
two of the three melatonin receptors (Mel1A or MT1, and Mel1C) and that rhythmic application
of melatonin entrains rhythms of release of two glycolytic products, lactate and pyruvate, such
that uptake and release of these substances is inhibited by melatonin (Adachi et al. 2002). The
interesting thing about these data is that the effect of melatonin did not occur until 4 full days
of rhythmic administration and increased in its effect for several days thereafter. Similarly, we
have also observed that rhythmic melatonin administration indeed entrains rhythms of per2
and per3 expression in these cells (Paulose et al. in press; Figure 4). As with the rhythms of
glycolytic metabolites, the effects of melatonin were not apparent until 6 cycles of
administration.
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We hypothesize that melatonin does indeed affect the molecular clockworks within pacemaker
and peripheral tissues (Figure 5). As stated above, the promoter regions of the period and
cryptochrome genes contain multiple E-boxes, which serve as the principle locus of rhythmic
regulation via the CLOCK/BMAL1 dimer’s activity (Bell-Pedersen et al. 2005). However, the
promoter of per2 of mice contains a cyclic nucleotide response element (CRE), which responds
to cAMP signaling (O’Neill et al. 2008) and cAMP activity does affect clock gene expression.
It is possible (and purely speculative) that melatonin influences clock gene expression through
the Gi GTP binding protein activity of its three receptors (Reppert, 1997). Perhaps, melatonin’s
actions, which reduce cAMP levels, act indirectly on transcriptional activity by decreasing 1
but not all regulatory elements on the clock gene promoter. Since these effects may conflict
with E-box activity, several cycles may be necessary before coupling of these two signals is
accomplished. In this scenario, inputs such as melatonin may directly and immediately affect
clock-controlled output but take several cycles to synchronize the transcriptional machinery
underlying it. Alternatively, but not exclusively, the dissonance between transcriptional
rhythms and metabolic, physiological and behavioral rhythms may be due to different cell
groups controlling them. For example, melatonin directly affects glucose utilization and release
of lactate and pyruvate in astrocytes (Adachi et al. 2002), which are known to perform more
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than 80% of the glycolysis in the brain and in turn release lactate and pyruvate to neurons in
an activity-dependent fashion (Magistretti, 2006). Perhaps, melatonin influences neuronal
rhythmicity through regulation of metabolic activity within neuronal oscillators. Clearly, these
are testable hypotheses, which our lab is currently pursuing.

Paradox 2: Is the Avian Pineal Gland Involved in Annual Reproductive
Cycles?
One of the earliest demonstrations that changes in photoperiod mediate seasonal changes in
reproductive, metabolic and migratory physiology was the work of Rowan in the 1920s on the
Oregon junco, Junco hyemalis (Rowan, 1925). Later work by many authors studying many
species of temperate zone birds (cf. Murton and Westwood, 1977; Kumar, 1997; Gwinner and
Brandstatter, 2001) clearly demonstrated that as photoperiod increases, reproductive function
in long-day breeding birds is induced, that as long day continues, most bird species become
insensitive or “photorefractory” to the stimulatory effects of long days (Dawson and Sharp,
2007), and that as photoperiod decreases as winter approaches, gonadal activity is inhibited
and ultimately sensitized to the increasing photoperiods of the succeeding spring.
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Further, there is abundant evidence that a circadian oscillator or group of oscillators is critical
for the generation of annual cycles of reproductive function (cf. Kumar, 1997; Dawson et al.
2001; Gwinner and Brandstatter, 2001). Beginning with the work of Hamner (1963), many
studies have indicated that photoperiodic responses in birds entail a circadian rhythm of
“photoinducible phase”, in which, as photoperiod increases, light coincides with the internally
derived phase, stimulating gonadal activity. This process has been termed an “external
coincidence” model. Alternatively, some authors have suggested that instead there are multiple
circadian oscillators that track dusk and dawn differentially, and that the relative phase
relationship among them changes as photoperiod changes. This process has been termed an
“internal coincidence” model (Dawson et al. 2001). In any case, there is a tremendous amount
of evidence implicating circadian oscillators in annual cycles, no matter which model is
employed.
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It was therefore surprising that, even though circadian clocks are critical to photoperiodic time
measurement, and even though pineal melatonin is critical for the expression of overt circadian
rhythms in oscine passerine birds, there is little or no evidence for a role of the pineal gland or
its hormone on photoperiodic regulation of reproduction and gonadal activity (Kumar, 1997;
Bentley, 2001). This is especially enigmatic since both in vivo and in vitro, the pineal gland’s
rhythmic output of melatonin tracks the length of the night; the duration is longer in short days
of winter than in the long days of summer (Brandstatter et al. 2000), so that even though the
avian pineal gland does not appear to regulate seasonal cycles of gonad function, it contains
the information to do so.
One clue to this paradox arose in the description of melatonin binding sites in birds using the
melatonin agonist 2[125I]-iodomelatonin (IMEL) (Reppert 1997). Using IMEL and
autoradiography of 14 species of birds in 5 Orders, we found that IMEL binding predominates
in retinorecipient and integrative structures involved in vision (Cassone et al. 1995). However,
in male house sparrows but not females, significant high affinity IMEL binding was observed
in brain structures associated with song control (Whitfield-Rucker and Cassone, 1996). This
observation was corroborated the same year in zebra finch (Gahr and Kosar, 1996). In house
sparrows, as with many temperate zone oscines (cf. Dawson et al. 2001), the size and
complexity of the brain structures associated with song control, Area X, the high vocal center
(HVC), and the robust nucleus of the archipallium (RA), as well as others, increase during the
long days of spring and summer and decrease in the short days of winter (Whitfield-Rucker
and Cassone, 2000). This process is partially dependent on gonadal steroids, since exogenous
Gen Comp Endocrinol. Author manuscript; available in PMC 2010 September 1.
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testosterone increases song behavior and song control structure size (Gahr, 2007). However,
the seasonal changes in song control nuclei are only partially blocked by castration in house
sparrows (Whitfield-Rucker and Cassone, 2000) and other species (cf. Dawson et al. 2001),
suggesting that a gonad-independent process also regulates song control in oscine passerine
birds.
One of these signals is likely the seasonal changes in melatonin secretion by the pineal gland.
First, castration has little effect on IMEL binding in song control nuclei (Whitfield-Rucker and
Cassone, 1996). Second, chronic melatonin administration of melatonin attenuates the seasonal
changes in the sizes of song control nuclei in European starlings (Bentley et al. 1999),
supporting the view that melatonin regulates song directly. However, since this treatment also
abolishes and/or disrupts circadian rhythms in this species (Gwinner and Brandstatter, 2001),
it isn’t clear whether these effects are specific to song control.
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In seasonally breeding mammals, the duration of melatonin titers transduces seasonal
information to the hypothalamo-hypophysial system controlling seasonal regression and
recrudescence of the gonads and secondary sexual characteristics (Malpaux et al. 1999;
Goldman, 2001). Simulation of long durations of melatonin, indicative of short days of winter,
or short durations of the hormone, indicative of long days of summer, transduce seasonally
relevant activity in PINX mammals. Thus, in long day breeding Djungarian hamsters, long
duration melatonin cycles induces gonadal regression, while in short day breeding sheep, long
duration melatonin cycles enable reproduction (Malpaux et al. 1999; Goldman, 2001).
Conversely, short duration melatonin cycles induce summer-appropriate reproductive activity
in each (regression in sheep; recrudescence in hamsters).
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To address this question in birds, we recently asked whether imposition of long duration cycles
of melatonin by periodically administering melatonin in drinking water, could 1) entrain
circadian patterns of activity in PINX male house sparrows in DD or intact birds in LL, 2)
affect gonad size and/or 3) affect song control nucleus size in male house sparrows (Cassone
et al. 2008). Both PINX birds in DD and intact birds in LL entrained to the melatonin regime.
However, the gonads and song control nuclei responded differentially (Figure 6). The testes
of PINX sparrows in DD were small, whether they received the long duration, short duration
or no melatonin at all, while the intact birds in LL had large testes irrespective of treatment.
The song control nuclei of PINX birds in DD were also small irrespective of treatment.
Interestingly, while these structures were large in intact birds in LL if they received a short
duration of melatonin or no melatonin at all, the long duration of melatonin inhibited song
control nucleus growth, even though the testes were large. This clearly shows that melatonin
directly affects song control structures in a fashion that is independent of gonads and
independent of their effect of circadian activity patterns.
Thus, it appears that recrudescence and regression of primary sexual characteristics in male
house sparrows have been functionally segregated from the ebbs and flows of male courtship
behavior and the structures underlying them (Figure 7). What selective pressures might favor
this separation? Unlike seasonally breeding rodents, from whom most research regarding a
role of melatonin on seasonal cycles derives (Malpaux et al. 1999), birds exhibit a complex set
of courtship and territorial behaviors before reproductive behavior can begin (Murton and
Westwood, 1977). Moreover, the growth of large testes and ovarian follicles must present an
aerodynamic challenge, especially in small passerines. Thus, it may be that parallel regulatory
systems involved in courtship and primary reproductive function may have been functionally
segregated. The presence of a separate circadian oscillator in the medial basal hypothalamus
involved in gonadal cycles supports this contention (Yoshimura, 2006).
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Conclusion and Perspective
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The circadian system is a fundamental property of most living organisms on Earth, integrally
linked with Time’s Arrow at every level of biological organization. Indeed, one could think of
the biological Time’s Arrow as a spiral, progressively and rhythmically flying from birth to
death. Underlying this system, highly conserved molecular processes have evolved that keep
the time within the cells of many tissues and cell-types. However, selective pressures on
organisms’ lifestyles reveal diverse ways by which these organisms employ their clock, and it
is important for biologists to recognize that basic functions may be employed by organisms
differentially. In birds, as with all organisms, it is the outward expression of these adaptations
that determine their success or failure.
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Figure 1.

Schematic of the regulatory loops of clock genes expression in vertebrates (with permission
from Bell-Pedersen et al. 2005). Positive elements CLOCK and BMAL1 dimerize and bind to
E-boxes on promoter regions of clock-controlled genes and on negative element genes, period
(Per) and cryptochrome (Cry), stimulating their transcription. These, in turn are translated,
oligomerize and reenter the nucleus, where they interfere with CLOCK/BMAL1 activity.
Similarly, the positive elements also stimulate Rev-Erb α and Rora (retinoic acid-like orphan
receptor a), which feed cak to regulate rhythmic Bmal1 transcription.
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Figure 2.

Schematic of the interactions of circadian pacemakers within the avian circadian system. The
pineal gland and retina, each directly photosensitive, release melatonin during the night, which
inhibits SCN activity. Conversely, as day approaches, oscillators in the pineal gland and retina
wane in their outputs, disinhibiting the SCN, which become active during subjective day,
inhibiting pineal output via the sympathetic autonomic nervous system. It is not known whether
the SCN directly affect retinal function.
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Figure 3.

Schematic of the interactions of the medial suprachiasmatic nucleus (mSCN), visual
suprachiasmatic nucleus (vSCN) and other components of the circadian system. The mSCN
and vSCN are connected via neuronal as well as astrocytic process (stars), These structures are
regulated by different processes. The mSCN receives extraocular photoreceptive input (EPR),
and the vSCN receives retinal input via the retinohypothalamic tract (RHT). In turn, these
structures may regulate different processes downstream (from Cantwell and Cassone, 2006b
with permission).
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Figure 4.

Exogenous melatonin imposes metabolic and clock gene rhythms in diencephalic astrocytes.
A) Under constant conditions, opposing cycles of rhythmic melatonin (nM) administration,
either during the night or during the day, elicited rhythmic uptake of glucose in the cultures,
such that 2DG uptake was higher during the time which melatonin was not present (n=4). B)
The gPer3 mRNA rhythm under the MN cycle (n=3 sample replicates) was 180° antiphase
with respect to the rhythm generated under the MD cycle (n=3 sample replicates). C) The gPer2
mRNA rhythm under the MN cycle (n=3 sample replicates) was 180° antiphase with respect
to the rhythm generated under the MD cycle (n=3 sample replicates). D) No clear pattern of
gCry1 expression was evident under either condition (n=3 sample replicates each). For
determined rhythmic cycles, significant differences between peak-to-trough values are
indicated by # (p<0.05) or * (p<0.001). Comparisons were made between the first observed
peak and trough for each day for each treatment (from Paulose et al. in press).
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Figure 5.

Schematic of the regulatory loops of clock genes in the vertebrate cell. Perhaps, melatonin
influences this process through its receptors that are linked to Gi GTP proteins. By decreasing
cellular cAMP levels, melatonin may modestly alter period expression, whose promoter
contains a CRE but several “E-boxes” (modified from Bell-Pedersen et al. 2005 with
permission).
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Figure 6.

Effects of melatonin cycles on pinealectomized (PINX) house sparrows maintained in constant
darkness (DD) and on intact sparrows in constant light (LL). PINX birds exhibited small testes
(A), small high vocal center (HVC) (B), and small robust nuclei of the archipallium (RA) (C)
irrespective of melatonin treatment. Intact sparrows in LL exhibited large testes (A). However,
while birds receiving no melatonin or a short duration of melatonin exhibited large HVC and
RA (B, C), birds receiving the long duration melatonin showed small HVC and RA even though
their testes were large (from Cassone et al. 2008 with permission).
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Figure 7.

Schematic of the avian circadian system showing that the output of melatonin may
independently affect downstream processes, such as birdsong.
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